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ABSTRACT

The superdelocalizebilities in monosubstituted
heteroaromatic compounds have been calculated as eight
m-electron systems in terms of the functions of Coulomb
and resonance integrals assigned for heteroatoms and
substituents by the Hiickel method.

The calculations have shown that (i) the effects of
Coulomb integrals for substituents decrease on the order

of SE > S% > Sg, (ii) the effects of Coulomb integrals

for heteroatoms decrease in the order of Sg > SE > S?.

The relations of calculated superdelocalizabilities
to the experimental results were discussed.

The value of the superdelocalizability of substituted heteroaromatic /665%
compounds is computed as functions of Coulomb integrals and resonance inte~-
grals of heteroatoms and substituents by means of Hiickel's method.

The effect of Coulomb integrals on the superdelocalizability decreases
E R

on the order of S,y > Sr > S N

The effect of heteroatoms on the superdelocallzablllty decreases on

the order of S > Sr > SrE. The chemical reactivity of monosubstituted

heteroaromat;c_gompounds can be illustrated by superdelocalizability.
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1. TINTRODUCTION.

In the preceding report(1> we have considered how various stability
properties of mono-substituted heteroaromatic compounds -- energy of the
highest orbit, the order of w-combinations ~- are dependent on the pro-
perties of heterocatoms and substituents by means of simple molecular
orbital treatment. When the chemical reactivity of compounds of m-elec-
tron systems were discussed with the aid of the simple molecular orbital

treatment, superdelocalizability and m-electron density were used with
considerable success

In this report, we have investigated the manner in which the super-
delocalizability of carbon  atoms within mono-substituted heteroaromatic
compounds depends on the properties of heteroatoms and substituents of

compounds. We also have considered the chemical reactivity of substituted
heterocaromatic compounds.

We have assumed that the properties of heteroatoms and substituents /666
are determined by both Coulomb integrals of these atoms and resonance
integrals between these atoms and adjacent carbon atoms.

As for superdelocalizability, there is one for electrophilic reactions
(Sr ), one for nucleophilic reactions (S N), and one for radical reactions
(5¢ R). These values are computed by Fukui's method(2). Each atom of the
-compound is numbered similarly to the preceding report(l), as in Figure 1.

Also, the same symbols as are used in (Ref. 1) are employed. 1In
this report, all substituted heteroaromatic compounds are treated as 8-
electron systems; the note 3 of (Ref. 1) may be referred to on this matteyx.

(1 Preceding report (Report No. 1). Ueno, Otsuji, Imoto. Nippon Kagaku
Zasolii, Vol. 87, p. 659, 1966.

(2) g, Fukuji, G. Nagata, T. Yonezawa, K. Morokuma. Bull. Chem. Soc.,
Japan, Vol. 34, p. 230, 1959.

(*#3) In this report we assumed that the Coulomb integral oy of heteroatom X
for I and IT type compounds is o + B, o + 0.58, o, o - 0.58; the reson-
ance integral Byyx between the heteroatom X and the adjacent carbon is
B, 0.68, 0.2B; the Coulomb integral oy is a-+ 28, o + 1.58 and a + 0.58,
‘ and the resonance integral BCY between the sub-
stituent Y and the adjacent carbon atom is B, 0.68, 0.28. Also, for
type III compounds, we let oy be o + 28, o + 0.58, a; Bcx be 1.48, B,
0.88, ay be o + 28, a + B, a + 0.58, a; and Bcy be B.
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Figure 1

2. ELECTROPHILIC REACTIVITY SyE

2.1 Monohetero, 5-Membered Ring Components

2.1.1 Effect of Heteroatoms(*s)

In order to study the effect of heteroatoms, the Coulomb integral
oy is equated with o + B and the resonance integral Bgy (between hetero-
atoms and adjacent carbon atoms) is equated with B. Then SrE is computed
by changing the Coulomb integral oy of heteroatoms from a + B8 to a - 0.58,
and the resonance integral Bpy between heteroatoms and adjacent carbon

atoms from B to 0.28. The result is tabulated in Table 1, and the conclu~-
sions drawn from Table 1 are described below.

(1) Effect of qX(*G)

1) The order of magnitude of'SrE changes with oy.

(i) When the absolute value of oy is larger than a,
SyE decreases in the order of 5B ; 3rd 5> 4ER 45 the case of u—substltuent,
and in the order of 284 > Sth > 4% in the case of B~substituent.

(*4) When the substituent is at the 3rd or 4EE.positicn, the number of the
substituent Y is described by 3' or 4°'.

(¥5) Refer to footnote 4 of (Ref. 1);

(*6) Refer to footnote 5 of (Ref. 1).
(*7) When we assume that the absolute value of ay is larger than "the
neighborhood of a", actually '"the neighborhood of a" changes with
the other parameters -- such as Bgx, Oy, and Bpy. Strictly speaking,
"the neighborhood of o' is only true when ay = o + 8, Bey = B and
Bcy is B ~ 0.28. However, the tendency of S, E as a function of the

absolute value of ay is not affected. Thus "the neighborhood of o"
only indicates an approximate measure. This footnote applies when~—

ever we specify that a parameter is smaller or larger than a certain
value. v \ ;

1}



TABLE 1 |

VALUE OF er WHEN ox IS CHANGED TO Bgg AT THE MONOSUBSTITUTED,
5-MEMBERED RING (WHERE ay = o + 8, Bgy = 8)

e " ‘a-substituent o : _
RO ' : :‘ :' Y, SaE & o S;E . ,'855 .-“';'.’? S Sz'E
©457 1,2080 67N 1,6328 YV 2.4317 . Sk 145410 . 72,5062 - '3.0962

-1.6884 (1" "7 1,9018 ~',-; .-‘, 2.4257 -1 1.8437 Ui, 2.5426 °,
S 244202 "»;’s ©2.4987 T 2.4202 i 2.4796 -.j2.4795
@=0.58 , 44775 54,4208 PV 204159 T 404515 et 204119 1004 640519

T 1.6714 u" ""‘x 3677 24581 7Y 141958 ., 2.7236 | .,;f‘.},,fz.ssgg e
" 2.6141 447 1,6031 . 2.4500 1.4610 - .. 2.6744 9,003 Y
"5.9735 101 2,6638 V'2,4397 17 2.5678 ¢ Sl 2.5970 70 4,111

K e ) = — P . e— ';" - — '“ 5 '('*. — i

2.4877
2.4853

v 1.1402
1.1912

U 1.9584

- ' 0.9033 * g 2.8333 «,, RPRTIN ,;
3.7674

0.9608 : ;5% , 2.8222 . - 2.4100 . 3{)‘)

© 80,1427 - 2.4800 .- l2.7813 02TE 27024 42481 o
5E , W s
B : e ".),.'}'y’
1.5334 -0 1,4872 1.6621 ‘ 3.0721 7
) o 1.8482 . "1.4857 . 11,9068 7 ¥ 3.4012 .
a "y . 2.4796 171 Ly 2.4987 e 2.4202 ) 02,4796 ¢ 171 4.0648 L
a=0. 5,9-) A4 5299 L 404865 - 14,3034 - - 6.0628 (1 ¢
a+ﬂ .' 17262 7Y 2.6855 0 1.1565 . L1724 : “«2.5310 St
a+0.58 02,6082 T 2.6277 144302 o 14225 e 2,9275 5
@ 76,0794 N0 25395 T 2,5530 . 2.5144 7 U 2.6773 007 4.0785

““05ﬁ”~m JTTheRTL T T T T e T
. , a+f T LOT05. 002,805 . 0.8469° - 09422 i 13254 i
Foag «-+0.58 . 3.7936 ., 2.7922- . . 0.9043 © - 0.9918 . '1.3641 ‘, 23031
s ‘ﬁ N a \ 50.2196 . © . 2.7526 29236 27911 3 1293 _4.1417
L a=0.589 — - = o= PRI it

Note (a): Because the highest orbital becomes an anti-bonding orbital
(refer to Note b of the preceding Report 1),
value of S,E cannot be computed. .

(ii) When the absolute value of oyx is smaller than
o, SeE decreases in the order of ‘4th > '5ER > 351 for o=-substituent, and
in the order of 4Eh-> 5£b-> 2n for B-substituent.

2) Irrespective of Bgx, the following conclusions can be

i

-drawns |

(i) o-substituent; as the absolute value of o~substituents



increases, SqE decreases, but SSE and SgEAslightly increase.

) (ii) B-substituent; as the‘absolute value of oy increases,
SZE slightly increases, but SL,E and SsE decrease. The decrease of Sq}E
'is larger than that of SsE.

(2) Effect of Bay(*8)

1) The maximum site of S,E is determined by ayx for both
o-substituent and B-substituent, and it does not depend on Bgx.

2) The effect of Bgx on S.E is different from that of oy.

(i) When the absolute value of ay is larger than o,
SuE increases as the absolute value of Bcx increases for a-substituents,
but S3E and SSE decrease, The decrease of SsE is larger than that of
SgE. In the case of B—substituents,SZE decreases as the absolute value
of Bpg increases, but SqE and SSE increase. The increase of S,E is larger
than that of SSE, and the increase of S3E is larger than that of SsE.

(ii) When the absolute value of ox is smaller than
O, SrE decreases as the absolute value of Bgy increases for both oa- and
g-substituents. The rate of decrease is on the order of SsE g_SqE > SgE
for a-substituent, and SgB& > S,E g_SqE for B-substituent.

2.1.2 Effect of Substituent Base

In order to evaluate the effect of the substituent base, the
Coulomb integral ay of heteroatoms is equated with o + 0.58, and the
resonance integral Bgy between heteroatoms and adjacent carbon atoms is
equated with 0.68. Then SrE is computed by changing the Coulomb integral
oy from o + 28 to o + 0.58, and the resonance integral Bny from o + 28 to
o + 0.58. SrE is computed by changing the resonance integral B.y between
. the substituent bases and the adjacent carbon atoms from 8 to 0.28. The.
result is tabulated in Table 2. Since the maximum orbital becomes an anti-
‘bonding orbital when the absolute value of o, becomes smaller than o and since
S¢E cannot be computed, oy is chosen in the range specified above. The
conclusionsdrawn from Table 2 are described below.

(1) Effect of ay

1) Both for o~ and B-substituents, the maximum site of
SrE is determined by oy, and it does not depend on ay.

(*8) Refer to footnote 7 of (Ref. 1).



THE VALUE OF S,

5-MEMBERED RINGS (WHERE ay = a + 0.5, Bgg = 0.68)

TABLE 2

E WHEN oy AND Boy ARE CHANGED IN MONOSUBSTITUTED,

. 0 omsubstituent - e T oy 0 —

; L ay SRR LT CSE LT 8, T S8 Syf
o a+28 - 12,2519 -"f-,». x4927' ; 1.665971; 1 1,3120 4 v 1.8909 | +1.2495
JiaH1.58 12,3528t 1,5226 ¢ , 1.8091 .',,~ 1.3562 .; TNU2,1148 01,7634

e+ v 26141 Q11,6081 o 0l 14610y €. 2.6744 | . 2.0832
<\ a+0.58 04,2549 1 2.1659 ©1T 92,0665 p 4. 6.0772 ) P 9.9744
28 C200144 VAN, 1.4347 1.2367 , € 1.5544 . ¢ 1.0857

Ja+1.58 42,1308 1.2494 § MU 1.6140 7Y 1.4764
a+f 2,198 1.5307 ; 1.2757 ;- 1.0 1.7450 i - 2.2997
A\ a+0.58 pt 2.4263 b 2.0184 11,3665 . V02,2320 '} 75,1804 ¢
wOU (a2 Fas2.0628 - 12144 1.2037 . ¥ 1.,4183 ' . 1.0093 .
o] a+1.580 Yis 2,0651 11,2050 ;. 11,3487
a0 T2,0702 1.2075 . 2.0313 -
t La 40058 v1i02.0875 1.2150 &° : 4,1096 °
e s B-substituent
'lf: ay ' SiE S‘E
Tad2f e 2.3071 O S 2814
a+1.58 A 2.4181 ) SART 3218
a+ B .« 2.6932 i 11,4302 ‘, ©1.4225 4
N @ 40.58 v 4.352¢ Y, 6.0169 12,0157 Ff0 2.0249.1 " o
o a+28 . v .2.1362 +11.5433 1.2336 1 71,4395 L
JRCE S Y- P s “11,6011 1.2439 i1 1.4522 -
) a+8 1.7297 1.2661 14786 5 ‘
\ a+0.58  2.4723 ... . 12,2133 1.3491 | 407 t1.5695 ¢, 5.1358
a+2p, . . 2.0653. ; 1 4171 11,2085 ) 11,2024 *:  1.4065 ;- 1.0080 ,
*‘-a-,H.s,a it 2.0682 1L 4226 ") 1. 2045'-‘- Jo, 1.2034 f?,\ 1.4078 % . 1.3468 .
a+p g0 LWLV 11,2066 17 1,2056 00\ 1.4103 i - 2,028l
Y@ 4+0.58 . 72,0034 UUi47es N i3zl 12126 % L4T77 b 4.10%6
. B ST it 4 : :

2) 'Irrespective of Bcy, S, E increases rapidly as the abso-
lute value of ay decreases for both a- and B-substituents.” The rate of
increase becomes smaller in the order of 55E > SgE > S4E for a-substi~' /668
tuents, and in the order of SyE > SgE > SgE for B-substituents.

(2) Effect of Bgy

1) The maximum site of Sr is determined by ayx for both a-
and B—Substltuents, and it does not depend on B¢y.

2) TIrrespective of oy, S, E increases as the absolute
of Bcy increases for both o~ and B—substltuents. The rate of in-
crease becomes smaller in the order of SgE > S3E > SqE for a-substltuents,

value



and in the order of SZE >‘$5E > SHE for B-substituents.,
From these results, the following conclusions can be drawn:

1) The site undergoing electrophilic reactions is determined
by the electric negativity of heteroatoms. When the.electric negativity of
heteroatoms is large (e.g., furane and thiophene derivatives), the '5th
position of a~substituents and the 2nd position of B-substituents are most re~
active. When the electric negativity of heteroatoms is small (e.g.,
Oy = 0 - 0.58 with celenophene derivatives), the'4£h,position of a-substi-

tuents, and the 4th and SEE_position of B-substituents are most reactive.
According to the experiments, the electrophilic reaction is most reactive

at the iﬁh.position in the case of a-substituents such as furane or thiophene,
except for the case when the substituent base is a strong electron-ab-
sorbing base, such as nitro~base. Also, the Zﬂi position is most reactive.

in the case of B-substituents.(3) Therefore, the experimental results can

be illustrated by the value of SrE for both o~ and B-substituents.

2) Not only the overlapping of wave functions of heteroatoms /669
and substituent bases with those of adjacent carbon atoms, but also the
electric negativity of substituent bases, affects the reactivity. However,
they are not influential enough to move the reaction site.

2.2 Monohetero, 6-Membered Ring Compounds

Let the resonance integral 8., between substituent bases and adjacent
carbon atoms be B. Then we changé the Coulomb integral o, from o + 28 to
o, the resonance integral BCX from 1.48 to 0.88, and the §oulomb integral

oy from o + 28 to a. We can then compute SrE accordingly. The results

are shown in Tables 3, 4, 5 and 6. We also give the conclusions drawn
from these tables below.

2.2.1 oa-Substituent

(1) The maximum site of SrE does not depend on Ogs Boy and Ogs
and it becomes largest.at the 3%d position succeeded by the 5th position.’

(2) When Bogx = B (e.,g., pyridine), SSE and SSE decrease as the
absolute value of o, increases, irrespective éf'dY" The rate. of decrease
is on the'Order”of'SSE >‘$3E1 The effect of ax'on'SuE and;SGE is depen~
dent on aY.. :

(3) When ay = o+ 0.58 (e.g., pyridine), SSE.and.SSE increase
as the gbsoluteAvalpe“of_5CX“;npxgases; irrespective of Oge The rate of

[

(3) A. A. Morton, "The Chemistry of Heterocyclic Compounds", McGraw Hill,
New York, 1946, *



TABLE 3°

THE VALUE OF .S, P WHEN oy, Box AND oy ARE CHANGED IN
MONOSUBSTITUTED, 6-MEMBERED RINGS
“1) a-substituent (uxaa+0 56, Box=p)

o en
Box' L ax L, B L. §E W 8 SE SE L SE T SpB
£ a2 o,'6574‘i“ 0.6368 "} 1.00777r 0.7188 |+ 0.9888 "© 0.6928 1.0367 '\
PRSI B 0.7582‘{;, . 0.6004 “t% 1,2067 -7 0.7188 11,1729 <) 06951’ - 2.0064 -
«+0.58 . 0.9602 -1 0,5679 1.} 1.6009 't 0.7218 40 1.5512 ;" 0.6989 % 3.7321
@ o 4.4960 "4’ 0.6152 “»" 8.5228 it 0.8203 . 8.4446 iy 0. 8040 ¢ .. 31.6413
a428 -, 09442 10,6586 11 1.0055 *11. 0.7199 ! 10,9745 0.7447,, ) 1.0279 7
a+p oo 1.1082 3, 0.6100 '+} 1.1973 7 ¥ 0.7203 . 1.1414 2" 0.7580: .. 1.9399. /!
a+0.58 | 1,420123 - 0.5730 - 1.5432 %% 0.7203 1t 1.4612 .5 f-0.7802 -, 3.4346 -
@ -, 457781 0.6782 7. 4,7373 117 0.9053 !+ 4.6001 " °. 0.9798 - 16.3463

a+2F U 1.1892-0° 0.6666'-1 1.0042.°%. 0.7169 ;i 0.9625 . 0.7777, ' 1.0194

a+ 8 . 1.4046-) . 0.6082 ©} 1.1887 - 1187 0.80051 . 1.8791
a 40, 5,9 -1.8059- 7.0 0.5709 "' 1.4927 70 1.3834 08403-' Y3765 n
a 458340 0072240 ) 33511 Taln ©iv3.ed2 0 1.10020 70 10,6853 i

(ax=a+2h, ﬁcyf-ﬁ)"

“‘.'.i " e ,f\ i )

SE o GE T SF S:B - 8B, SuE
“0.6881°17 '0.4902° T 1,0038 71 ' 0.9265 . - 0.6807, | 0.9523
07520 ' 00,4561 V70 1.1522. 7 11,0287 00,7617 T 1.6200

6141698 0.8830  2.4112
16462 - 1BI45°  4.5894 -

o

T 0.8626 1 0.4794 L 1.3405 v
©1.2867° ¢ 0.7812 '+ 1.8809

R R w0

N

increase is on the order of S5E > "83E. On the contrary, S,E and SGE
become smaller on the order of SGE < 8,E,

(4) 1Irrespective of oy and Bpx, S r decreases as the absolute

value of oy increases. The rate of decrease is on the order of SgE ~ SsE >
» §,B n §E,

2.2.2 pB~Substituent

(1) The maximum site of Sy E changes with BCX’ irrespective of
ox and ay. It is at the 4—1?-11p051t10n when B is equal to 1.4B, but it is
at the 20d position when B is 0.88.

(2) Wwhen Bex = 8, Sr decreases as the absolute value of oy in-

creases, irrespective of “Y The rate of decrease is on the order of
SyE > 'S¢ > 5,F > SsE.

(3) When c¢y = o+ 0.58, S,E and SsE decrease as the absolute
~value of /Bgg increases, irrespective of ay, but SZE and 85E decrease.



TABLE 4

E
THE VALUE OF .§,.™ WHEN Oy s

MONOSUBSTITUTED, 6-~MEMBERED RINGS

4
R

) B—substltuent (ax=a-+0.58, Pox=8)’

Bexo

AND oy ARE CHANGED IN

i

£
e

O S e o .
S ay . S E "‘;g' 8. ,""Tlg‘ 8,E SE SE T SE T §F ’ ; AL
S a+28 7 0. 5787 | ; 0.8628 - | 0.7948 ... .0.8893 ., , 0.8365 . 0.8434/° . 1.0739
Je B o 0.5769 1", 1.0848 . 0,7532 41,1093 iy 0.8337  1,0500, - 2.1389
a+0.58 " 0.5746 ;- 1, 5633,;,,«_0.7106 (1o 10073 ., 0.8304 | 1.5125
0.8160 70,7899 0.8068° . 0.8299 - 0.8801 ¢ 1.0737
it 0,813671 Y ©0.7493 . 4 141012 0.8269 ;i 1.0810 ., 2.1399
a+0.58+ 0.81017 . 5107072, 1.5725 - 0.8233 ,  1.5366 . 4.2061 |
a.) ] v - — ' — — 'l(uf.. — P e i
a+2p i Y 007860 L 0.8812 00,8249 0L
a+p 1015300 ". 0.7462 © . 1.0000 ' 0.8216 1.
a+0. 5,9 101107 11,6760 - 0.7047 71,5538 - ¢ 0.8179 -1,
-: o ad) — ”l“ 1 — C IR — — r' - : ) —
JJ)B—substltuent (“x““+2ﬂ &W=ﬁ) . aAl sy 4
} ﬁcx oy SlE "‘i’-:‘:- SBE s W SaE SeF v S ‘1.;‘.)‘ : seE AR Sa"f ;
{ a+2ﬁ o, 6488 - 0.8113 . 0.7844 . 0.6821 - 0.8197 " 0.7212° x 0742 .
i a+$§ . 0.6487.  1.0661° | 0.7456 . 0.8733 - 0.8160 .  0.8988 . 2.1443
! ] a-+0.5ﬂ 0 6470 '!.5852 0.7044 1.3147 0.8120  '1.3242 4.219
a® — - Lo - = S e
Note (a): Since the maximum orbital becomes an anti-bonding orbltal

[refer to Note 6 of (Ref. 1)1,
galculated.

SrE cannot be

(4) TIrrespective of ay and B¢y, 85
absolute value of oy increases, but SE, S

slightly increases as the

uE’ and SBE decrease.

2.2.3 vy~Substituent

(1) The maximum site of SrE does not depend on Oxs Oy and Boy.

(2) When B¢y = B, 53 and SZE decrease, irrespective of aY as
the absolute value of oy:increases.

(3) When oy = o + 0.58, S3E  increases irrespective of oy as
the absolute value of Bgyx increases, but'SzE decreases.

(4) Irrespective of ay and B¢y, S3E and S,E decrease as the abso-

lute value of Bpx increases. The rate of decrease of 33E is larger than
that of SZ



TABLE 5

2 ) -
THE YALUE or Sr WHEN Oy BCX AND Oy ARE CHANGED IN
MONOSUBSTITUTED, 6~MEMBERED RINGS

'i) Y substltuent (ax—a+05ﬂ.ﬂcv—ﬂ)

S ay RSB L it SE e : ) B 4 SeE

[ a+28 i 0.6521 T C0.6842 | L0001 TR 0.6697 1.0407

b Ve B 07447 0T 06842 it 1,1975 T+ 0.6208 .2.0121
“L) a+0.58 v 0.9372 ol 0.6873 i 15914 4% 0 05940 Uiy 8.7372

:  « Tt 4.4545 ¢ il 07940 gl B.5148 . UELD. 0.6368 - ) 81.6407

S @28 7 09404 i 07244 . 0.9857 . i (i, 0.6603 - i 1.0310,
) a+p Cpin, 0.7247  wdol,0 1.1658 pud {1 0.6122 ) iy 1.9496 ¢

@ +0.58. i, 0.7338 g 00 15010 55D 0,5739 7ty 1 3.4531
AW S i 0.9106 Lo 4.6780 . 0.6745 'l:iw -} 16.3832
a+2p <.\, 11874 0.7479 . f.a1:0 0.9735" o475 0.6481- = 1,0215 -
] a+B i 1.8936 0.7492 [irtq " 0.5938 ©1.8910 ¢

] a+0.58 ;117835 0.7664 /.1 ©.0.5569 i f " 3,2032

_ SN Cet 405419 L. 0.9973 /) 07043 10.7398 -
}fl) y—substltuent (ax—a+2ﬁ,ﬁcx—ﬂ) . , i
- ay "; le st : o S.E oy S E |
G+2p 0 0.6958 Sy 0.6176 iy 70,4685 .7 0.9580 .

a+f it 0.7588  np 0.6589 v 0.4397 ~.; 1.6425 -

P o] a+0.58 ;. 0.8669 .0 0.7438 ©0.4614 T, 12.4547

ola L 01,2673 11245 W 0.7550 40y )

4.6620 °

From these results we obtain the following conclusions:

(1) For each of the a-, B~ and y-substituents, o, affects SrE at
the o- and p-position through substituent bases. The effect of substi-
tuent bases on SrE depends on Oy and BCX’ as well as on the relative site of

substituent bases, heteroatoms, and carbon atoms inside the ring. /670

(2) When heteroatoms are at the o- and p-position with respect to
substituent bases, SrE strongly depends on the electric negativity of

"heteroatoms at the o- and p-position (the sites of strong electrophilic
reactivity due to large S E) As the- electrlc negativity of heteroatoms
increases, S E at these 51tes decreases. Therefore, S E at the 3L and

'5th position of o-gubstituents, as well as at the "3xd p051tion of the y~gubsti-
tuents, is smaller than that of the B~substituents at the 20d poesition.

(3) We nitrated various oxypyridines in a mixed acid at 25°C
(70°C for y~substituent) and obtained the rate of reactivity as shown in
Flgure 2(#) In.these compounds, pyridine bases became reaction cores

(+) Veno, Hirai, Asakawa, Imoto (unpublished).
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TABLE 6
THE VALUE OF .S, WHEN ay IS CHANGED IN MONOSUBSTITUTED,
6-MEMBERED RINGS (WHERE oy = o, 8oy = B)

ey NS S E et SE 5 S - :’ Se& ey B §iF v«\‘v,‘!,. Sy F S.E: i : S.B i S‘:E

La+2p 09950 08312 1.0062 0.7895 ! 1.0730 @ +0.54 1.6656 ' 0.8208 1.7057  0.7066 4,201
a¥p ‘1 2027 © 0.8283 1.2273 07485 21375 | a0 — S e e e

: CoLp Tk

Note (a): Since the maximum orbital is an anti—bbnding orbital
SrE cannot be computed [refer to Note 6 (Ref. .

themselves. 1In the figure, SrE of every carbon atom is also described in-
side the parentheses. Except for the o~substituent, SrE agrees with ex~
perimental results, as may be observed from Figure 2., There are some
problems for o-substituents, and we will report on this in a subsequent
paper. :

242%1 R w10™ (15725) o ”ﬂ
(146\2)[:«:]\.5432) (08233)
< {0.7802) (15366) 16276)

Figure 2

SrE of Various Oxypyridines and the Reaction
Rate of Nitration (%, mol~l, sec™?)

Parameters used in computation: oy = o + 0.58,
Bey = Bs ooy = o + 0.58, Bo-om = B-

3. NUCLEOPHILIC REACTIVITY er

3.1 Monohetero, 5-Membered Ring Compounds

3.1.1 Effect of Heteroatoms

Using the same parameters as in 2.l.1 for S E, we may compute
] N, The results are shown in Table 7, and the conclusion drawn from the

table is descrlbed below.

i
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TABLE 7

THE VALUE OF.SrN WHEN oy AND By ARE CHANGED IN
MONOSUBSTITUTED, 5-MEMBERED RINGS (WHERE oy =a+ Bs Bgoy = 8)

ax v SN AL g
a+f w0 0,2930 vl 0.6328 K
@059 " 0,351 [l 0,5685

SN T SN SN o SN

0.4317 .+ 0.5410 75 0.5062 1 7. 0.00623
0.4257 7 0.5103 o 0.5426 0 - 0.08008
« 00,4202 108, 10,4987 {A 0.4202 00U 0.4796 - hia 0.4796 ¢ 0 0.06478
a~0.58..01  0.4775 115,57 0.4298 p1v. 0.4159 0.4515 :. 0.4119 * 1. -, 0.05190 |

A { @+ B 00,2009 TELD0.8383°F1UY . 0,4581 0.6664 ©0.7236 1 0.1705

a+0.587 10,2885 <1, 07659 0.6238 .11 0.6744 1 .. : 0.1460 ©

I3
o 7 0.4179 1, 10,6638 0.5678 .37 0.5071: 0 7. 0.1151
a~0.58 4 o e ".‘.3"1;:\.4';:_. -— — SRR — N e
@+ B ACE 0,035328850 1,0633 10.8333 : 0.2702
a+0.58" (17, 0.063741\ 11, 1% 1,0431 0.8222 - '~ . 0.2618 "

« £ 0,1428

. a—0.58:0  — -
substituent

- ax L :‘ SlN
SVE0,3477 W
0.4148 '
SV 0,4796
. 0.5209 1,
50,2556 ¢
b 400,3676

10,9947

10,7924 0.2431

— ey —s

SN Syl
S0 0.6621 ¢ . 0.07209
1 0.4524 ©0.5735 .- 0.06791
044202 A5 0.4796 10 0.06478
©.0.3934 .2 ., 0.3893 : -. 0.06283
' 0.6430 0. 0.935¢ . 0.1016

LT 0.4872

0.6855

0.6277 15 it 0.5853 L0 0.8276 1 0.00033
0.5239 - 0.5395 . L 0.5144 ., 0.6773  aj, 0.07850
— (, — A3 P . 2 ) ’

B REA

“y 01609

@+ B ... 0.04740. - 0.8056. . . L 0.8653 . 1.2485

a+0.58 ' 0.08992 ..-;.0.7922 V% 0.7562 0.8436 - 1.2160 . . 0.1550
0-24 « - Toaiee 0052 7026 7 ogent o i.azes U 0.4

a=058 - S e T e - - Ty =

. IREERN RN N R . . Ty

(1) Effect of oy

1) The order of magnitude of SrN depends on oy.

(i) When the absolute value of ay is larger than o,
SrN becomes smaller in the order of 5ER > 4th > 3rd for the o-substituent,
and in the order of 5th > 20d > 4th for the B-substituent.

(ii) When the absolute value of oy is smaller than o,
Sl,_.N becomes smaller in the order of 4th > sth > 3rd for the a-substituent,
and in the order of 5t > 4l 5 20d £or the B-substituent.

2) Both for o- and B~substituents, SrN increases as the
absolute value of ox increases.. The rate of increase becomes smaller

12



TABLE 8

. N ) . .
THE VALUE OF .S, N WHEN ay AND 8oy ARE CHANGED IN

MONOSUBSTITUTED, 5-MEMBERED RINGS (WHERE ox = a + 0,58,
Bex = 0.68)

- "'\“.ig-subsitituen’t ° e TR NI R
Bex. .. . ay BN LA PN SN &N TR LA SIREU L O SN ',"':,
Gt (@k2f0 0t 0.3288 01V 0.8004 <t 04928 [y 0.6197 ' 0.7178 ;. 0.07644
a-1.58 77 0,3119 7N 0,7879 C L 04742 7.0 0.6215 . 0.6998 ! . 0,1035
o] ek B 0.2085 AT 07659 <h/ 0.4500 5.0 10,6238 1 - 0.674¢ 4 0.1460
TN @058 o 0.2549 0.7259 -+ o/ 0.4198 o0 0.6265 ;.. .0 0.6372 i 0.2144 7
[ a+28 - T 0,383 0.8114 . 0.5628 . 0.6134 4 Yo 07753 ¢ 0.02957 *
J @158 [0 0.3755 100 00,8078 Ty 0.5536 i 0.6142 0y 0.7671 Lot 0.04147 4
") a+p 3, 0.3640 . 0.8007 i 0.5403 :'t- 0 0.6154 ;. 0.7545 . 0.06199
VL a@+0.58 . 741 0,347 .. 0.7854 / fi. 05196 5 i 0.6171 "7 0,7333 10,1013
o[ @+2p - UE 0.4137 . 0.8125 +:{ut7. 0,6042 " 1 0.6101 %) ;7 - - 0.8081 /. I 0.003386 .
| a+i5g 04127 0.8122 "7 0.6080 . 1. 0.6102 ;iy L 08071 [ rii 0.004825
a+ B LU¥ 0.4113 10.8115 0.6012 . /:™; 0.6103 .+ © 0.8085 - " 0.007428

\ a+0.58,

/i . Psubstituent

. 0.8099

of 85N > 8,N > 5N for the B-substituents.

(2) Effect of Bcx

©.0.8025 -

. 0.01291 7,

fex ..  ay 5 SN Sl * SN i SuN
e a+28 0.3840 0.5891 ' 0.8227 | . 0.04869
] a+1.58 .y 0.3773 - 1, 05871 . i 0.8248 . 0.06494 -
a+B 7. 0.3676 £0.5930 © 7 0.5853 ~.,. . 0.09033
a+0.58 - | 0.3524 ©0.5757 ' 10,5849 T 0.1324
@428 - 0.4049 - 0.610¢ - £ 0.6014 ' 0.8162 . 0.01841
) a+1.58 . 70.4021 © 0.6088 ©0.6003 '~ - 0.8170 ¥ -1 0.02510 -
a+p  70.3979 .7 T 0.6058 10, 0.5090 .p 0.8183 . 0.03622
A a+0.58 0.3%07 "’V 00,5997 © e 0.5977 .o U 0.8202 T 0.05668
((a+28 04162 © 0.6098 * " 0.6087 " 0.8128 0.002089
a+1.58 7 0.4159 - : 0.6097 """ 0.6085 '~ \ 0.8129 {.  0.002879
Ja+p. 04154 ) “070.6094 .17 0.6084° . M0.8I31 Y 0.004230
\ «+0.58 0.4144 % -0.8007 " .7 0.6088 .. '0.6081° ' 0.8133 0.006854
) . Lo N . I :
in the order of S5N v §,N > S3N for the a-substituents, and in the order

1) The order of magnitude of SfN is determined by oy for
the o~substituent, and it changes in the order of SN > g, N > SgN, irre-

spective of Bqy.
Bcx-

In the case of the B-substituent, it is determined by
When the absolute value of Bpx is larger than 0.48, it becomes

smaller in the order of SsN > soN > SqN, and when the absolute value ﬁf
Bex is smaller than 0.48, it becomes smaller in the order of sl > s, N >

> SZNO

13



TABLE 9

THE VALUE OF .S, WHEN oy, Boy, Oy ARE CHANGED IN
' MONOSUBSTITUTED, 6-MEMBERED RINGS

¢ "f_f?a" substituent (where o, = o + 0.58, ch:? B) .
4 p“‘g;: ay U SN L SN s SN §N T SN W8N Sp¥

a+28 ' 0.5338:  0.7604 7 0.7654 - 0.8424 -5 0.7466 ' 0.8165. 0.06758 . '

4 a«+B 0 05184 0.7208 - 0.7367 : 0.8387 - 0.7028 ' 0.8150  0.1263 -
ALa 0 0.4960 | 0.6152 v 0.6828° - ,0.8283 -7 0.6046 ' 0.8040 - - 0.2813
Lopa+28 070897 0.8939 . 0.7702 -+ 0.9552 v 0.7392 ©° 0.9800 . 0.08667"
a+f - 0.6642 + 0.8322 . ° 0.7528 ‘.. 0.9425 - ' 0.6069 ‘. 0.9802 "' 0.1621 "7

a 0§ 0.5778 i .0 0.6782 . C0.7373 i 0.9053 < - 0.6091 ., 0.9798 . 0.3463

! Pt a42p L 0.8333° 1,025 07765 ' 1.0728 -0 0.7347 1.1336 " "0.1084 7
{ a8 09510 70,9350 > 0.7704 ' 1.0452 "7: 0.6954 71,1273 ¢ 00,2059 ¢
i Va0 0,583 - 0.7224 1% 0.7911 (50,9648 - 0.6242 ot 1.1102 7, c0.4453
LU Y a-substituent (where a = a + 28y By = B) e é'\!‘ [t
‘ L ax ;. SN LS SN SN TSN s b YL RS
i a+2p  0.4881 - 1.2902 " 0.8038 - 1.3686 0.7265 . 1.4807 _ 0.1523 - ¢
a+f 0.4187 10220  0.8189  1.2773 . 0.6923 1.4283° © 0.2866 -
y «a 10,2867 0.7812 0.8809 ° .- 1.0686 - 0.6462 = 1.3146 - 0.589¢ -

2) TFor both o-and B-substituents, SyM decreases as the /671
absolute value of Bcyx increases, irrespective of oy. The rate of de-
crease becomes smaller in the order of SsN g_SqN >> 83N for the oa~substi-
tuents, and in the order of SgN > s,N > S,N for the B-substituents.

3.1.2 Effect of Substituent Base

The same parameters as used in (2.1.2) to compute SrE are used in

computing SrN. The results are tabulated in Table 8, and the conclusions
associated with this are described below.

(1) Effect of ay

1) For both o- and B-substituents, the order of magnitude
of SrN is determined by oyx, and it is independent of ay.

, 2) TFor both o~ and B-substituents, SrN decreases, irrespec-
tive of Oys as the absolute value of B, increases. The rate of decrease

becomes smaller in the order of.S5N > SN >> SyN for the a-substituent,
and in the order of 82§'>> SN g_SqN for the B-substituents,

14



TABLE 10

THE VALUE OF-SrN WHEN Oy BCX’ Oy ARE CHANGED IN
MONOSUBSTITUTED, 6-MEMBERED RINGS
1) pﬂsubstifuent (vhere o, = o +A0;5B, chﬁffﬁ) o E
S 217 S "“‘&N LTSN s
. 0.8365 ..., 0.7210 . 0.07368 .

’ o ! . sy
n+zﬁ Th0.5787 , s 0.7403 7 g0 0.7948 -.0.7668

a+p ' .0 0.5769 ‘,-} 0.7124 ., 0.7532 ° 0.7368 -.0.8337 . 0.6776- .  0.1389

a+0.58, “0..)746 10.6909 ,‘._;ﬁ'; ‘0.’7106 L 0.7148 0.8304¢ .. 0.6401 - 0.2025
a+28 ' 0.8160 \ . 0.9125 |’ 0.7699 " . 0.8660 i 0.6209 |, 0.860{ , 0.07371 .
a+B - - 0.8136 " 7 0.8911 i 0.7493 . 0.8512 ;. 0.0269 . 0.8310 . 0.1399
@ +0.58 - 0.8101 i . 0.8776 - 0.7072 0.8225 , . 0.8233 'il"07866 .0 0.2061 -
a2 - 1.0078 ; - 1.0861 -.;, 0.7861 11 ¢« 1.0218 '-;;vo.9249 o 1.0418 7 0.07345
a+8 . NOIS3 L0714 0.7463 0 0.9806.  0.8216 . 0.9871 '0.1405
a+0.58 .01, bno 370 1.0666 1 0.7047 i 0.9444 'o 8i79 ', ,0.9352 ... 0.2092 -,

:)ﬂ-substltuent(where Oy —_a + 28,
ey gy SVl S
a+28 706488 i 1.5613 .;x;,, 0. 7844 14321 0.8197
a+B8 . 06487 . 1.5661. . 0.7456 .- 1.3733  0.8160
a+0.58 | 0.6470  1.5852 5 0.7044 0 1347 0.8120

gyﬂ ;,#‘ &N/“?%f

r g

" 0.07418
0.1443
0,2196°

(2) Effect of‘BCY

1) For both o- and B-substituents, the order of magnitude
of SrN does not depend on Bgy. Namely, it is determined by ay.

2) TFor both o~ and B-substituents, SrN decreases as.
the absolute value of Bpy increases, irrespective of ay. The rate of
decrease is in the order of SN Q_SQN > SqN for the o-substituent,
and in the order of 82N >> SSN ELSqN for the stubstituent.

From these results, the following conclusions are reached:

1) - The site undergoing nucleophilic reactions depends on
the electrlc negativity of heteroatoms for both o~ and B-substituents.
For a larger electric negativity, the 5le051t10n is most reactive, while
for a smaller electric negativity the Aﬂlposition is most reactive.

2) For both o~ and B~substituents, the electric negativity
of substituent bases, as well as the overlapping of wave functions of sub- .
stituent bases with those of adjacent carbon atoms, has a small effect on
Sy N, The reactivity of substituted ring compounds is determined by the
klnd of heteroatoms. The larger the electric negativity of heteroatoms,

15



TABLE 11

THE VALUE OF .S.N WHEN ox, Bcx, oy ARE CHANGED IN
MONOSUBSTITUTED, 6-MEMBERED RINGS

‘ )7§éﬁbstitaen£ (where‘ﬂi;= o +‘Q?5§; Bey :

Kt

. S

) S 4 A _:“,’ ' SN ;, ‘S2N ' S ; .
S «+2p '0.5285 ., 0.8078 0.7578 T 0,7933 NNIUY 0,07157
REY: { a+p " 0.5049 +0.8041 - 0.7275 C0.7497 L R4E) 10,1320
o o 0.4545 - 0.7940 0.6748 . 10,6368 ;% iqey 02807 -
;1; @28 0.7051 0.7504 130 0.8956., »0,08982 .
{-a-i—ﬁ : 0,6509 0.7213 " 08345 L 0.1719
' Aa . 0.5315 0.9106 0.6780 - 0.6745 . "\ '0.3832 *
(a+2p 0.8316 1.1038 0.7458 ent v =, 0411057
{ a+p 107400 ' 1.0760 0.7195 7 0.9206 - ©0.2178 "
g a N7 05418 T, 0.7043  0,4998 »
. {‘ﬁYr‘Subétitueﬁt (where .ax’ = B v i "
CBex i S ;.";in__s‘n i L L AT S AN W g
o | 2 S 12685 v 0,1580
8 i1,8256 0 o 0,7150 < U 1.1064 ot 0.3002
1245 00,7029, o 0.7550 . .. 0.6620

(P
3 B

and the smaller the overlapping of wave functions of heteroatoms with those
of adjacent carbon atoms, the larger SrN becomes and the more reactive it
becomes.

3) The properties of heteroatoms and substituent bases
have less effect on SrN than they do on SrE.

3.2 Monohetero, 6-Membered Ring Compounds

Using the same parameters as in the case of SrE of monohetero 6-mem—~
bered ring compounds, we may compute SN, and the results are depicted
in Tables 9, 10, 11 and 12. The conclusions associated with this are
presented below.

3.2.1‘ o—~Substituent

(1) The maximum site of S N depends on Bcxs irrespective of oy
and oy. When By is 1.48, it is at the éﬁh.position, but at the 6th position
for 0.88. o

(2) When By = B, S N, S N, and SgN increase, irrespective of
CX 3 b 6
Oy, as the absolute value of oy increases. The rate of increase is in the

order of SGN > SqN >> SgN. The effect of oy on 85N depends on Oye

16



TABLE 12

“THE VALUES OF .S.N WHERE oy IS CHANGED IN MONOSUBSTITUTED,
6-MEMBERED RINGS (WHERE ay = o, Bgy = B)

Coax DU OSN SN s e g C
@428 0.7450 0.8312 0.7562 0.7895 0.07303 .
a8 - 0.7027 0.8283 0.7273 0.7485 70,1375 -

a+0.58" '0.6656 0.8248 0.7057 _0.7066 0.2011

(3) When oy = o + 0.58, 55N, s,N and SgN decrease irrespective

of oy, as the absolute value of fcx increases. The rate of decrease is
in the order of SgN > SqN >> SgN. The effect of Bgx on SSN is dependent
on ay. :

(4) Irrespective of ay and Bcy, s,N, SsN and SGN increase as

the aﬁsolute value of Oy increases. The rate of increase is in the order
of S5 > syN > SgN. The effect of Oy on S3N is dependent on oy and Bcx.

3.2.2 B~Substituent /672

(1) The maximum site of SrN changes with By, irrespective of
ay. When the absolute value of oy becomes larger and that of Bex becomes
smaller, it is at the 2Bd position. When the absolute value of ay be-
comes smaller and that of B,y becomes larger, it moves to the 5tR sosition.

(2) Wwhen Bgx = B, SsN decreases irrespective of oy as the /673

absolute value of oy increases, but SN, SqN and SgN increase. The rate
of increase is in the order of SZN >SGNI>84N.

(3) When ox ="a + 0.58, SSN increases irrespective of ay as
the absolute value of Bcx increases, but SZN, SqN and SBN decrease. - The
rate of decrease is in the order of SZN > SsN > SqN.

» (4) Irrespective of oy and Bgyx, Sy increases as the absolute
value of oy increases. The’effectxof Oy oOn SrN is smaller than that of
Bex and ax on SrN. ’

3.2.3 y-=Substituent

{ : '
(1) The maximum site of SN is at the 284 position and is

17



TABLE 13

THE VALUE OF S, R WHEN oy AND By ARE CHANGED IN
MONOSUBSTITUTED, 5-MEMBERED RINGS (WHERE oy = o = 8, Bgy = B)

i

a-subéfifuents! : y

2 ﬂcx. Cax o SR ’szn SR SK : SR SyR ’:«
a+p - 0.7930 1.1328 1.4317 1.0410 1.5962 1.5962
. B a-+0,5p - 1.0218 1.2351 1.4257 1.1770 1.5426 1.7467
R « © . 1.4202 1.4987 1.4202 1.4796 1.4796 2.0648
«—0.58 2.4775 2.4300 1.4159 2.4515 "1.4119 :3.05i9 "

S a+f ¢ 0.9361 1.1030 1.4581 0.9311‘_:1.7236'1.4352
"'oéﬁ ] @+0.58  1.4513 1.1844 1,4500 1.0424 1.6744 1.5646 °
SR e ~3.,1957 1.6638 1.4397 1.5678.1.5971. 2.1151 °
Coo\ a=0.580  — - - = = =
ey «+f . 0.99691.1018 1.4877 0.8649 1.8333 1.3087 -
] «+0.58 . 1.9156 1.1172 1.4853 0.8867 1.8222 1,3359
« - 725,1427 11,9947 1.4800 1.7813 -1.792¢ 2.2431 .
a—0,580  — — - = e e
f-substituent . : ' o y

Cax SR SR SR SR SR SuR

S fa+ B 0.8477 1.5435 1.0334 0.9872 1.1621 1.5721
o pi- a+0.58  1.0814 1.4852 1.1815 1.1191 1.2402 1.7346
a 11,4796 1.4202 1.4987 1.4202 1.4796 2.0648
a~-0.58 - 2,5299 1.3550 2.4865 2.393+¢ 2.3893 3.0628 -
U e 8 1;30.9909 1,6855 0.8918 0,9077 '1.2001 1.3663
“o 6p 4 a-+0.58 - 1.5304. 1,6277 1.0116 1.0039 1.2462 1.5089
o a 3.3017 1.5395 1.5530 '1.5144 1.6773 2.0785 .
vl a=-0.580  — — _— = = e
a . . R PR . .
P a+f - 1,009 1.8056 0.8085 0.9038 1,2870 1.1994-
~0.2p | a+0,58 +1,9418 1.7922 0.8303 0.9177 1.2900 1.2290
U e o 25,2196 1.7526 1.72361.7911 241298 2,1417
R W .1 L R e T

Note (a): Since the maximum orbital becomes an anti-bonding orbital
[refer to note 6 of (Ref. 1)1, S, R cannot be
computed.

independent of ay, Bgyx, and ay.

(2) When Bex = B, S,N increases irrespective of dY as the abso-
lute value of oy increases. The effect of ox on SgN is dependent on Oy.

(3) When og = o + 0.58, SZN decreases irrespective of oy as
the absolute value of By increases, But the effect of Bgx on s3N is

dependenf on Oy.
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(4) TIrrespective of oy and BCX’ SgN and SgN increase as the
absolute value of Oy increases. The effeét,of oy on SrN is smaller than
that of BCX and oy on SrN.

The following conclusions may be drawn from these results:

(1) For every a~, B~ and y-substituent, the effect of the elec-
tric negativity of substituent bases on SrN is smaller than that of the
electric negativity of heteroatoms; this also holds true for the effect

on the overlapping of wave functions of hetercatoms with those of adjacent
carbon atoms.

(2) The larger the electric negativity of heteroatoms and the
smaller the overlapping of wave functions of heteroatoms with those of
adjacent carbon atoms, the larger the values of SyN, SyN and SG become.

4. RADICAL REACTIVITY S R

4.1 Monohetero 5-Membered Ring Compounds

4.,1,1 Effect of Heteroatoms

The same parameters used for SrE in 2.1.1 are used in computing
The results are shown in Table 13, and the conclusions associated
with this are described below..

s R,
r

(1) Effect of ay

1) The order of magnitude of oy depends on S, R.

(i) When the absolute value of uX is larger than a,
Sy R becomes smaller in the order of 5th > SEQ > 4th for the o~substituent,
and in the order of 22d > 5th > 4B for the B8-substituent.

(ii)~ When the absolute value of oy is smaller than o,

SR becomes smaller in the order of 4th > sth >_3£d for the o-substituent,
and in the order of 5tR > 4th > 2nd for the B-substituent.

2) Irrespective of BCX’ Sq decreases as the absolute value
of ox increases for the a-substituent. The rate of increase of Ss
greater than that of Sg .
In the case of the B-substituent, Sz increases as the absolute

value of ay increases, but 85 and SqR decrease. The rate of decrease of
SyR is less than that of 85 .
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TABLE 14

THE VALUE OF .5,R WHEN oy AND By ARE CHANGED IN
MONOSUBSTITUTED, 5-MEMBERED RINGS (WHERE ay = o + 0.58, Box = 0.68)

B

; ’Li;€9ubstitu¢n55 DERNE _ ) )

i L SR SR SR Suk

L a+2p - 51,2903 1.0794 0.9658 ., . 1.3043 ..  0.6630. -
8 ] @+1.58 5 1.3323 © L8y 0.9888 . .0 1.4073 .01 0.9335
U ine ] a8 104513 71,4500 1.0424 .00 1.6744 TV 1.5646
p o\ ad0.58 L 12549, 31393 1.3465 .. ' 3.3572 . 5.0044 0.

0.9251 " 1.1649
0.9318 71,1906 "
0.9456 . ' 1,2498
5 12690 cth 0.9918 [ . 1.4826 -
10,9093 " 0.9069 4 11132 A0
©T0.9115 7 70,9076 G 1L1155
©0.9164 1. 0.9089 5y 1.1207
" 0.9339 . 0.9128 . . 1.1383

{ 0.9524
. 0.9771
" 1.0355

USRI SR b SR SR
© L2719 e 0.9540 U0 0.9353 T v 1,1689 -
o 1.3690 1.7 ¢ 0.9698 .+ 0.9545 71,1921 -
L 16277 L 10116 i 1,0089 7T 1,2462
" 3.2969 1.2957 7. 13049 . 7 1.5515

© 1141537 500 0.9220 5 0.9180 (o 11278 - ‘
L CAUL776 s 0.9264 - 0.9178 7 14346 0 U 0.7426 LY
. 1.8150 - 142345 -, 00,9360 % - 0.9291 AL 1,1484 - 0 1.1551000
Lo b3 DT 14640 0L 00,9744, . 0.9724 . 1,1948 . . 2.5962
U 1.2407 ‘}”§>'1.1120"3,;I7'0.9067 V70,9055 o 1.1097 010,505 <1

1.2420 0 LA142-00 0.9071. . 0.9060 - 1,103 ., 0.6748 ..
1.2448 v 1191 Sl 0.9080 0 0.9070 . 1117 . D 10162
CNN2539 11365 el 0.9110 0.9103  1.1155 ,2.0552

- oo 4

1.2843

N a40.58

(2) Effect of BgX

1) The order of magnitude of SrR depends on ay for both
o~ and B-substituents, and is independent of Bcyx.

2) The effect of Bex on SrR is dependent on ay.

(1) When the absolute value of oy is larger than o,
SuR increases as the absolute value of Bpy increases for the o-substi-
tuent, but SgR and SsR decrease. The rate of decrease of SsR is larger
than that of S3R. As for the B-substituent, SyR increases as the absolute
value of Bgy increases, but SZR and SgR decrease. The rate of decrease
of S,R is larger than that of SsR.‘
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TABLE 15

THE VALUE OF .S.R WHEN ox, B¢y, oy ARE CHANGED IN
MONOSUBSTITUTED, 6-MEMBERED RINGS

SgR L Sz'R

. {r

s ' 0.8866 . L0.7547 -5’ 0.5521

L3 09717 e 0. Ry b 1.0664 -
L ©.770.8040 "1 15.9613

10.8623 "7 0.5573
. 0.8691 ; ;14 1.0510
; 2.5778° ' 0. 9798 i {8.3493,
1.0112 ';4..0.8446 ... 'v X 5

1.0778 . 0.77i6 20,9795
25834 0 0.7224 2 om‘f’f

S S,R‘ »;',-‘ Sz

0.5881, '-0.8902 ‘'
£ 0.5854 1 10,7895
0.7867 . 1 0.7812 .

i 2.5804 )

(ii) When the absolute value of ay is smaller than o, /674
Sy R of both o~ and B-substituents decreases as the absolute value of Bcx
increases. The rate of decrease is in the order of S5R > SQR > 83R for

the o-substituent, and in the order of SSR > SR > Sz for the B-substi-
tuent.

4.1.2 Effect of Substituent Base

Using the same parameters as in the case of SrE in (2.1.2), we
may compute SrR. The results are shown in Table 14, and the conclusions
are described below,

(1) Effect of Oy

1) For both o~ and B-substituents, the order of magnitude
of SrR is determined by oy, and is independent of Oy o

2) TFor both o- and B—substituents; SrR rapidly increases
as the absolute value of decreases, The rate of increase becomes smaller
in the order of SgR > s3R > SR for the a-substituent, and in the order of

SoR > 35R > SQR for the B-substituent.
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TABLE 16

THE VALUE OF 5,8 WHEN oy, 8oy, @y ARE CHANGED IN
MONOSUBSTITUTED, 6-MEMBERED RINGS

o &)}) ﬂﬂ;substitﬁent (where ag.Q o +:0,58, ch'é B)"igx,

'E";ﬂ?x"‘"’h;:"' ' o §i® ] S22 . ‘ SR SR Sk ‘z“l"__ SR - 'S‘vﬂl
ST owa G ¢ @+28 00,5787 - 0.8016 -0.5739 ', 0.8281 .. 0.8365 ;- 0.7322-. - 0.7948
A8 G patp [ 05769 0.6986. . 1.1389 0 0.9231 .. '0.8337 | 0.0638 . 0,7532

Lol 0876 naan 220057 1asis 7 0.8330 ' 1.0763 . 0,7107 -

S f@+2B . 08160 - - 0.9125 ‘i 0.5737 ;- 0.8868 w:'0.6299 .5 0.8801 ... 0.7899 .

@+ v 70.8136 U C1.0161 01,1399 S 0.9762 0 7 0.8269 1Y 10,9560 i 0,7493

@ .. 081017 1,2526 % 2.2061 . 1.1975 7 0.8233 T 1.1616 . - 0.7072

a+2f i L0178 - 1.0158 . 0.5734 . 0.9515 i 0.8249 i3 0.9715 . 0,786l -

{ a+f o 10154 i 1,1261 0. 1,1405.. . 1,0858 . 0.8216 ., ': 1.0419 .. 0,7463 |

@+0.58 - 1.01J0 .. 13718 - ..2,2095 .. 1.2491 .. 0.8179 . 1,2309 .« 0.7047

ii) ﬁ“-substituent (Where Oy v’?!"a + 28 '.'_‘!‘ ch ,__: B). "a). B
E . R

A1

wy

R S SR SR SaR /{ Sl SR ) SR - SR
B . B QU ol I
L @+28 0 0.6488 0 1.1863 | 70,5742 10,8197 ',],'1.0952 70,7844 ¢
- { a+8 | 0.6487  1.3161 - 1.1443" 0.8160 . T 1,1488 7 0.7456
L a+0.58 0 0.6470 71,5052 . 2,2196 .. V08120 ¢ 71,3242 0,708
[ A e R P ey R
(2) Effect of Bey [675

1) The order of magnitude of SrR does not depend on B(y
for both a- and B-substituents, but it is determined by ox.

2) TFor both o- and B-substituents, SrR increases as the
absolute value of Bny increases, irrespective of oy. The rate of increase
becomes smaller in the order of SsR > 83R > SR for the a-substituent, and

in the order of SZR > SgR > SQR for the B-substituent.
From these results, the following may be concluded:

1) The site undergoing radical reactions depends on the
electric negativity of heteroatoms. But the electric negativity of sub-
stituent bases and the overlapping of wave functions of heteroatoms with
those of adjacent carbon atoms does not affect the reaction site. How~—
ever, they are related to the reactivity (SrR itself). Thus, the radical

reaction is strongly governed by the electric negativity of heteroatoms.

2) When heteroatoms possess great electric negativity
(e.g., oxygen), they become reactive at the SEh-position.for the o~-substituent,
and at the 2nd position for the B-substituent. But for those having
a smaller electric negativity -~ such as selenium -~ they become reactive
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TABLE 17

THE VALUE OF‘SrR WHEN ay, Boy AND Oy ARE CHANGED IN
MONOSUBSTITUTED, 6-MEMBERED RINGS

i) r-sebstituent (whefe‘a#;¥

- 5R SR
0.5903 L 0.7315 .
0.6248 . 10.6098 b
24545 s 0.6368 . .15.9607
o 0.8228 L 0.8420 L. 07779 L4 0.5604
- 0.8732 - . 40,8359 v, 0,723¢ - - 1.0608
S0 25815, . i 0.9106 0.5 T 8.3832
a+2f 01,0094 0.9259 70,8260 - 0.5660 -
, Ul 1.0668 70 0.9126 ST 0,7572 0 kD L0544 ¢
Lo Ve cp . 2.5418 - 70,9978 70,7043 5.6198
0 ) 7' substituent (where oy = ‘ 8 ’ ,
o ﬁcxﬁ . ay -8R LT SR o » SR SaR
R a2 0.5958 - 1.0176_ . . .0.8870 . - 0.8685 . .- 0.5580 :.,
8 { a+p . 0.5921 .. 0.9922 .. ., 0.8817 'i. 07730 - 0.9758
' TUM,2029 0T 0.7550 LU 2.6620

o 07873 T 1,1245

at the 4£h-position for both o~ and B-substituents. However, as in the case
of selenium, the larger overlapping of wave functions due to interlacing
with the d-orbital results in a smaller radical reactivity.

4.2 Monohetero, 6-Membered Ring Compounds

Using the same parameters as for SrE of monohetero, 6-membered ring

compounds, we may compute SrR. The results are tabulated in Tables 15,
16, 17 and 18, and the conclusions are described below. '

4.2.,1 o~Substituent

(1) The maximum site of S R depends on oy, B and oy, especially
T X PCX Y
on oy. When oy is equal to a + 0.58, it is at the 3rd position, but is at the

6 th ;osition for a + 28.

(2) When B¢y = 8, SsR decreases irrespective of oy as the abso-
lute value of oy increases, but SyR and S¢R increase. The rate of in- /676

crease is in the order of SeR > SqR. Since 53R is strongly influenced by
ay,the effect of ay depends on oy, and no general statements can be made.

(3) When og = o + 0.58, SerinCreases irrespective of'uY as
the absolute value of Bgx increases, but SyR and SGR decrease. The rate
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TABLE 18

THE VALUE OF S R WHEN o, IS CHANGED IN MONOSUBSTITUTED
6-MEMBERED RINGS (VHERE ox = o, Bgy = B)

Liay - SR SR SR SR DL SeR
. a+28  0.8700 0.8312. 0.8812 0.7895 0.5730
Ca+p . 0,9527 0.8283 0.9773 0.7485 11,1375 .

a+0.5ﬂ~' 1.1656 | 0.8248 . 1.2057 0.7066 -2.2011 -

of decrease is in the order of SgR > syR. Since SsR is strongly influenced .
by oy, the effect of ox depends om oy, and no general statements can be ‘
made in this regard.

(4) TIrrespective of ay and Bey, S3R, SsR and SgR decrease as
the absolute value of oy increases. Since Sy is strongly influenced by
heteroatoms, the effect of oy cannot be discussed in general.

4.2.2 B-Substituents

(1) The maximum site of SrR depends on ay, Bcg and oy, especially
on oy, and Bcye It is at the Zﬂivposition when the absolute value of a
becomes larger and that of Bpy becomes smaller. But it is at the 4Eh-position

when the absolute value of oy becomes smaller and that of By becomes
larger.

(2) When Bgx = 8, SsR slightly decreases irrespective of Oy as
the absolute value of oy increases, but SZR increases. Since SuR and 85

are strongly influenced by ay, the effect of oy depends on Orys but it tends
to decrease.

(3) Wwhen ox = o + 0.58, S5 slightly 1ncreases, irrespective of
oy, as the absolute value of oy increases, but s,R, SR and SGR decrease,
The rate of decrease is in the order of SZR n SgR > syR.

(4) TIrrespective of oy and By, 85 slightly increases as the
absolute value of oy increases, but SZR, SyR and SgR decrease.

4.2.3 Y-Substituents.

(1) The maximum site of S, R depends on ox, Bcx and oy, especially
on aX. When ox is equal to o + 0. 58, it is at the 3zd position, but is at
the ZEQ position for o + 28.
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(2) When Bex = B Sz increases irrespective of Gy as the abso-
1ute value of ag increases, but 53R decreases.

(3) When agx = o + 0.58, S3 increases irrespective of Oy as
the absolute value of Bgy increases, but S,R decreases.,

(4) 1Irrespective of ay and By, S3° decreases as the absolute
X cX 3~
value of oy increases. Since 82 is strongly influenced by heteroatoms,

the effect of oy cannot be discussed, in general.

From these results, the following conclusions can be drawn:
(1) The maximum site of SrR is mainly dependent on oy and Bny.

(2) As the electric negativity of the substituent base increases,
Sy R at the o- and p—p031t10n decreases. The value of S _R at the m-position is

not greatly affected by the electric negativity of the substituent base.
The effect of the electric negativity of the substituent base on S, R

depends on such factors as oy, Bny, the substituent base, heteroatoms,
and the relative location of carbon atoms inside the ring.

As the overlapping of wave functions of heteroatoms with those of
adjacent carbon atoms increases, and the electric negativity of heteroatoms
increases, SrR at the 2nd, 4th gng 6__.p051t10n increases. But SrR at the

3rd and 5th position is not greatly influenced by heteroatoms.
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